MICROCHIP tinyAVR® 2 Family
Getting Started with tinyAVR® 2 Family ADC Hands-On

Prerequisites

» Hardware Prerequisites

— The Microchip ATtiny1627 Curiosity Nano Evaluation Kit www.microchip.com/developmenttools/
ProductDetails/DM080104

— The Microchip Curiosity Nano Base for Click boards™ www.microchip.com/DevelopmentTools/
ProductDetails/AC164162

— The Force Click board www.mikroe.com/force-click

* Note: The Force Click board is used for demo purposes, and any analog sensor can be used. Result
graphs may vary from setup to setup.

Micro-USB cable (Type-A/Micro-B)
Two through-hole resistors, one 100 kQ and one 33 kQ
» Software Prerequisites
— Microchip Studio 7.0.2397 or later
— Microchip Studio ATtiny_DFP version 1.4.308 or above
— MPLAB® Data Visualizer Stand-alone version 1.1.793 or above
+ Other
— The Microchip Studio Solutions projects available in

O View Code Example on GitHub
Click to browse repository

» Estimated Completion Time: 210 minutes

Introduction

Embedded applications often rely on analog inputs. Most Microchip MCUs are equipped with an integrated Analog-to-
Digital Converter that can be used to gather data from the physical world. A baseline ADC will be sufficient to gather
data under ideal conditions, but end-user operating environments are often far from ideal. Noisy on-board circuitry,
noisy environments, and noisy power supplies are common examples of complicating factors. Conventional ADCs
will often require hardware circuitry and firmware routines dedicated to signal conditioning, but Microchip’s latest
ADCs remove some of this overhead through advanced Core Independent functionality.

The new 12-bit ADC offers true differential measuring capabilities with optional hardware accumulation of up to 1024
samples, which effectively gives up to 17 bits resolution. With sampling rates up to 375 ksps, the analog data is
rapidly available. The Programmable Gain Amplifier (PGA) for the ADC can amplify single-ended and differential
analog inputs to make it possible to measure even small amplitude signals efficiently.
This hands-on training covers the following topics:

» Assignment 1: Single-Ended ADC

» Assignment 2: Understanding ADC Modes

» Assignment 3: 17-bit Resolution

* Assignment 4: Read Temperature

» Assignment 5: Differential ADC
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tinyAVR® 2 Family

» Assignment 6: Using Programmable Gain Amplifier (PGA)

This training manual goes through assignments that give a general introduction to the ADC module. Some of the
assignments are more specific to the 12-bit ADC and demonstrates the added features such as the PGA. Basic
theory related to each assignment is introduced at the beginning of each assignment, then the functionality is verified
through the MPLAB Data Visualizer. Every assignment is provided with a preconfigured code, where most code is
already in place, and only essential modules for the specific assignment need to be configured.
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Icon Key ldentifiers

1. Icon Key Identifiers

The following icons are used in this document to identify different assignment sections and to reduce complexity.

n Info: Delivers contextual information about a specific topic.
Tip: Highlights useful tips and techniques.
To do: Highlights objectives to be completed.

Result: Highlights the expected result of an assignment step.

/AWARNING Indicates important information.

a Execute: Highlights actions to be executed out of the target when necessary.
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Assignment 1: Single-Ended ADC

In this assignment, the ATtiny1627 will be configured to stream samples to the MPLAB Data Visualizer.

The ADC will be in Single-Ended mode, and two operational modes will be demonstrated. The two modes are called
Single mode and Burst Accumulation mode.

Configure the Force Click board to generate an analog input signal for the ATtiny1627 ADC. This input signal will
be sampled, and the results will be transmitted over USART to the Data Visualizer. Configure the Data Visualizer to
graph the received data for visualization.

The Microchip Studio Solution Assignment1 includes the required starting point for this assignment and should be
available in the training material folder at the following path: Assignmentl.
* Objectives
— Get familiar with the setup
— Open the assignment project in Microchip Studio
— Get familiar with the assignment project
— Configure the ADC
— Use Data Visualizer to graph received ADC results
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21 Hardware Setup

-ty To do: Connect the Force Click board and the ATtiny1627 to the Curiosity Nano Base for Click boards, as
k_;‘ shown in Figure 2-1.

Figure 2-1. Assignment 1: Hardware Setup
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Info: The Force Click board is designed to use either a 3.3V or 5V power supply. The Force Click board
ﬂ in these assignments is powered by 3.3V. The on-chip LD1 will light up when the device is powered. For
more info about the Force Click board, go to www.mikroe.com/force-click.
Info: The Curiosity Nano Base for Click boards™ is a hardware extension platform to ease the
ﬂ connection between Curiosity Nano kits and extension boards like the mikroBUS™ Click modules. For
more information, go to www.microchip.com/Developmenttools/ProductDetails/AC164162.

1. Connect the ATtiny1627 Curiosity Nano Board to the socket of the Curiosity Nano Base.
2. Connect the Force Click board to mikroBUS™ socket number 3.

211 Hardware Walk-Through

The Force Click board from Mikroe is a mikroBUS™ add-on board that adds a force-sensing resistor to the project.
The force-sensing resistor is a thin sensor consisting of two membranes separated by a spacer around the edges.
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When pressed, the gap between the two membranes gets closed, which shorts the two membranes together with a
resistance proportional to the applied force.

The force-sensing resistor is mounted at the front of the board and can be swapped with other force-sensing resistors
if needed. The force sensitivity range is from about 0.2N to 20N. The measurements from the Force Click board

is output on the AN pin as an analog voltage. The voltage ranges from GND to the supplied voltage. The board is
simple to use and does not require any drivers. It communicates with the MCU via the mikroBUS™ AN pin.

Get Familiar with the Assignment Project

To do: Get familiar with the hands-on project, and verify that the project builds with no errors.

1. Open the assignment project Assignment1 by following the steps listed below:

1.1. Open Microchip Studio.

1.2. Select File — Open — Project/Solution...

1.3. Navigate to Assignment1 and open Assignment1.atsin.
Info: The hands-on project will be loaded, and the project content listed in the Solution Explorer
panel. If required, open the solution explorer by selecting View — Solution Explorer.

2. Study the assignment project structure. Open the .c files listed in the Solution Explorer and study the
implementation of various functions called from main.c.

Info: The main.c should appear as shown below:
#define F_CPU 10000000ul
#include <avr/io.h>
#include <math.h>
#include <stdbool.h>

#include <util/delay.h>
#include <stdlib.h>

#include "main.h"

#include "clock config.h"
#include "io.h"

#include "usart.h"
#include "adc.h"

#include "data streamer.h"

int main (void
clock_init
io_init
adc_init

usart0_init

while (1
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Info:
ﬂ * clock init (), clock._config.c: Initializes the CPU clock to 10 MHz in clock_config.c.

* io_init (), Jjo.c: Configures the directions of IO pins used in the hands-on application:
— Pin PB2, output, TXD
— Pin PB7, output, LED
— Pin PA5, analog input, ADC

* usartO_init (), usart.c: Initializes the USART:
— Baud rate: 115200

* adc_init (), adc.cis empty and will be implemented as a part of this assignment

Tip: To see how and where functions and definitions are implemented, right-click a function
followed by goto implementation.

3. Build the project by selecting Build — Build Solution or by pressing F7. This will generate the project
dependencies list.

devices, and including this file will ensure that the appropriate device header file is included,

based on selected project settings. Open iotn1627.h from Solution Explorer — Dependencies

to view the ATtiny1627 device header file. Additional information on coding style and structure

is available in the AVR1000 application note at www.microchip.com/wwwappnotes/appnotes.aspx?
appnote=en591581.

ﬂ Info: avr/io.hisincluded at the top of main.c. This header file is common for all AVR®

4. Make sure the project was successfully built in the previous step.

Tip: If there were build errors, the error list should appear automatically, but it can also be opened
manually by selecting View — Error List from the top menu bar.

Result: The project is initialized and ready for development.

23 ADC Single Mode

The ADC can be configured in different operation modes. These modes can be split into three groups:

» Single mode - Single conversion per trigger, with 8- or 12-bit conversion output
» Series Accumulation mode - One conversion per trigger, with an accumulation of n samples
» Burst Accumulation mode - A burst with n samples accumulated as fast as possible after a single trigger

Series and Burst modes utilize 12-bit conversions and can be configured with or without scaling the accumulated
result.
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In this assignment, the focus is on Single mode and Burst Accumulation mode. Configuration of both setups will be
shown starting with Single mode.

m‘" Todo: Editadc init () to configure the ADC as listed below:
E_‘, » ADC reference voltage: Vpp

» ADC Clock: CLK_PER/4

* Input Channel: AIN5 (Pin PA5)

* ADC sampling in Single mode

» Resolution: 12 bits

1. Open adc.c by double clicking adc.c in the Solution Explorer, and locate adc_init (). Figure 2-2 illustrates
the expected result.

Figure 2-2. Assignment 1: adc_init()
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Svoid adc_init() ¢l clock_config.c
{ h clock_config.h
c data_streamer.c
1 h' data_streamer.h
c ioc
hl io.h
© main.c
uintl6_t adc_get_sample(void) nl main.h
{ /* Returns the outcome of an operation*/ c usart.c
return ADCE.SAMPLE; h usarth

1

uint32_t adc_get_result(void)
{ /* Depending on the ADC configuration, this returns a single sample or the st
return ADCE.RESULT;

}
= bool adc_result_is_ready(void)
{
return (ADCO.INTFLAGS & ADC_RESRDY bm);
1
=bool adc_sample_is_ready(void)
{
return (ADCO.INTFLAGS & ADC_SAMPRDY bm);
1

2. Enable the ADC by writing a ‘1’ to the ENABLE bit in the Control A (ADCn.CTRLA) register:

ADCO.CTRLA = ADC_ENABLE bm;

3. Configure the ADC prescaler to produce the desired CLK_PER/4 ADC clock by writing the Control B
(ADCn.CTRLB) register:

ADCO.CTRLB = ADC_PRESC_DIV4_gc;

Tip: Refer to the ATtiny1627 device data sheet and family manual available from
www.microchip.com/wwwproducts/en/ATTINY 1627 for detailed register descriptions.
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Select the reference voltage and configure the time base by writing to the bit fields in the Control C
(ADCn.CTRLC) register:

ADCO.CTRLC = ADC_REFSEL VDD_gc | TIMEBASE_VALUE << ADC_TIMEBASE gp

the guard time between changing input reference or PGA gain settings. Use the definition in adc.h

ﬂ Info: Time base is used for timing internal delays in the ADC before starting a conversion, such as
to get a period equal to or greater than 1 ps:

#define TIMEBASE VALUE (uint8_t)ceil (F_CPU*0.000001)

ceil is used to round up to an integer to write it to the Control C (ADCn.CTRLC) register.

voltage reference defines the conversion range of the ADC. Ground is used as zero, while the
voltage reference is the highest value within the range. The ADC voltage reference can be selected
among different levels between ground and the microcontroller supply voltage to utilize as much of
the ADC resolution as possible for inputs in a given voltage range.

ﬂ Info: A single-ended ADC will measure the voltage difference between one pin and ground. The

Tip: For detailed info on Differential and Single-Ended ADC, refer to the white paper Differential
and Single-Ended ADC available from www.microchip.com/DS00003197.

Configure the Sample Duration bit field in the Control E (ADCn.CTRLE) register:

ADCO.CTRLE = 3

Info: Use Sample Duration to configure the sampling period of the ADC input. The sample
duration is given in ADC clock cycles.

Enable Free-Running mode in the Control F (ADCn.CTRLF) register:

ADCO.CTRLF = ADC_FREERUN bm

Info: Free-running starts a new conversion when the previous is finished. Free-running requires
the first conversion to be initiated before taking effect.

Configure the ADC to use the AIN5 input channel by writing the MUXPOS (ADCn.MUXPOS) register:

ADCO .MUXPOS = ADC_MUXPOS_AIN5_gc

Info: The device data sheet, section I/O Multiplexing and Considerations, indicates which device
pins the various analog input channels are connected to. AIN5 is available at pin PA5.
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8. Configure the mode of operation for the ADC by writing to the MODE bit field in the COMMAND
(ADCn.COMMAND) register:

ADCO.COMMAND = ADC_MODE_SINGLE_12BIT_gc

ﬂ Info: When the ADC is in Single mode, there is only one conversion per trigger.

9. Start conversion by writing to the START bit field in the COMMAND (ADCn.COMMAND) register. Place this in
main.c before the while loop:

ADCO.COMMAND |= ADC_START IMMEDIATE gc

10. Verify that the solution builds with no errors by selecting Build — Build Solution from the top menu bar in
Microchip Studio or pressing the F7 key.

Result: Code for initializing the ADC is complete, and the expected result is listed below:

void adc_init

ADCO.CTRLA = ADC_ENABLE bm

ADCO.CTRLB = ADC_PRESC_DIV4_gc

ADCO.CTRLC = ADC_REFSEL VDD_gc | TIMEBASE_VALUE << ADC_TIMEBASE gp
ADCO.CTRLE = 3

ADCO.CTRLF = ADC_FREERUN bm
ADCO .MUXPOS = ADC_MUXPOS_AIN5_gc
ADCO.COMMAND = ADC_MODE_SINGLE_12BIT gc

231 Transmit ADC Samples

To do: Add code to transmit ADC samples over USART when new results are ready.

1. Open main.c and locate the empty while(1) loop.
2. Check if the ADC has a new conversion result ready, and transmit new samples in a data streamer packet. Do
this by adding the following code to the empty while(1) loop:

if (adc_result is ready())

{
adc_t.adc_sample = adc_get sample();
adc_t.adc result = adc get result();

adc_t.adc_average result = adc_t.adc_ result;

transmit to DV();
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in adc.c. transmit to DV () andthe adc_t data type are defined in data_streamer.c and

ﬂ Info: adc result is ready(),adc _get sample() and adc_get result () are defined
data_streamer.h, respectively:

* adc_result is ready () returns the ADC’s result ready flag. The result ready flag is bit
0 in ADCO.INTFLAGS. This bit is set when a new result is ready from the ADC. The bit is
automatically cleared when ADCO.RESULT is read.

* adc_get sample () returns a single ADC conversion stored in the SAMPLE register
* adc_get result () returns the ADC result stored in the RESULT register

* transmit to DV () isimplemented in data_streamer.c. This function will transmit a data
streamer packet over USART.
* adc_t is a struct variable. The structure stores the conversion values to be sent over USART.

3. \Verify that the solution builds with no errors by selecting Build — Build Solution from the Microchip Studio top
menu bar or pressing the F7 key.

4. Study the implementation of transmit to DV ().

to receive and interpret streamed multi-byte data as well as data originating from multiple sources.
The packet is initialized in transmit_to DV (). The packet structure or stream format is defined in
Figure 2-3:

ﬂ Info: The packet structure follows the Data Streamer protocol. This protocol allows Data Visualizer

Figure 2-3. Assignment 1: Stream Format

Ox03 | OxOF OxAO | OxOF Ox9E | OxFC

START SAMPLE RESULT END

The data stream Stream Format is processed in the same order as the variable group specifies.

All data must be given as little-endian values, meaning that the lowest byte must be sent first.
Additionally, a wrapper consisting of one byte before and one byte after the data stream variables
must be added. This wrapper is used by the interpreter to synchronize to the data stream. The Start
byte can be of an arbitrary value, but the end byte must be the inverse of the Start byte.

Result: Code to transmit ADC samples for Single mode has been added to main.c.

2.3.2 Programming

To do: Program the ATtiny1627 with the Assignment1 project.
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o ) ) T Moneon —
1. Open the Tool menu pane by clicking the tool button available in the top menu bar: -

2. Open the Selected debugger/programmer drop-down menu and select the tool named nEDBG MCHPxxx. The
exact tool name is unique for a given tool. Figure 2-4 illustrates an example.

Figure 2-4. Assignment 1: Tool Pane

E Assignment] - AtmelStudio
File  Edit View Project Build Debug Tools Help

Ao me | XTo|0- e -Ee | i Debug -y | o
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Build
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Build Events
Toolchain
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Device
nEDBG - MCHP3258011800000011 ~ | Interface: | UPDI

[ala]

Packs

3. Program the device by selecting Debug — Start Without Debugging from the top menu bar.

Info: Microchip Studio will display a prompt to upgrade the embedded debugger firmware if new firmware
is available. These firmware upgrades are simple but mandatory.

Result: The ATtiny1627 is programmed.

2.3.3 Plot Graph In MPLAB® Data Visualizer

MPLAB Data Visualizer is a program used to process and visualize data from a running embedded target. The
program may be accessed as an MPLAB X IDE plugin or a stand-alone program. In this assignment, the Data
Visualizer will be configured to graph ADC acquisitions received over USART. The configuration is done through a
saved workspace, and the basics of how to display the data are explained. Click the Documentation button in MPLAB
Data Visualizer for a detailed guide on how to set up your workspace.

To do: Configure MPLAB Data Visualizer to graph received ADC samples.

1. Open the program and plug in an already flashed device. Make sure the COM-port used for USART
communication is not already in use. The start screen should be similar to Figure 2-5.
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Figure 2-5. Assignment 1: MPLAB® Data Visualizer Starting Page
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2. Load the workspace. Press the Load Workspace button and add the workspace-file called Assignment1.json.
All the workspaces for this training can be found in DataStreamerConfiguration. Two axes should
appear in the graph. These can be configured on the panel on the right-hand side, as illustrated in Figure 2-6.

Figure 2-6. Assignment 1: Data Visualizer Setup

@ MPLABD: 11793 - x

2 [ Serial Ports

3. Plot the data. Choose the COM-port on the left-hand side panel seen in Figure 2-6. Make sure the Baud Rate
is 115200 and press Apply to set the baud rate. Press the play button on the COM-port to start the USART
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communication. Press the Variable Streamers button to connect the decider to the USART data stream. Set
the COM port as input to Decoder 1, as shown in Figure 2-7.

Figure 2-7. Assignment 1: Variable Streamers
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4. Press Show Live Data to start plotting live data from the device. The axes are on auto-range and will scale
according to the input from the sensor. Figure 2-8 shows an example of the plotted result when pushing the
sensor with different pressure. Since the ADC is 12-bit, the maximum range for the data will be within [0,4095].

Figure 2-8. Assignment 1: Single Mode Plot

1660s
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called Sample and Result. Sample is the value placed in the Sample register from a single
conversion operation. Result is the value placed in the Result register. Depending on the operation,
it can either be a single sample or a sum of multiple samples. In Single mode, there is a single
conversion per trigger. Therefore, as seen in Figure 2-8, it is expected that the two sources are
identical.

ﬂ Info: The decoder file decodes the data stream from the COM-port. The decoded sources are

Result: The MPLAB Data Visualizer has been configured to graph ADC samples received from the
nEDBG USART serial gateway.

2.4 ADC Burst Mode

With the setup from Single mode, configuring the ADC to Burst mode requires only a few lines of code to be
changed.

Todo: Editadc init () to configure the ADC as listed below:
* 1024 sample accumulation with free running
* ADC sampling in bursts

1. Configure the SAMPNUM bit field in the Control F (ADCO.CTRLF) register:
ADCO.CTRLF = ADC_SAMPNUM ACC1024 gc | ADC_FREERUN bm

into a single ADC result (Sample Accumulation). The RESULT register holds the sum of these

ﬂ Info: When the ADC is in Burst mode, a configurable number of samples are accumulated
accumulations and can be used as an average result of the sample.

2. Configure the mode of operation for the ADC to Burst by writing to the MODE bit field in the COMMAND
(ADC0.COMMAND) register:

ADCO.COMMAND = ADC_MODE BURST gc

3. \Verify that the solution builds with no errors by selecting Build — Build Solution from the top menu bar in
Microchip Studio or pressing the F7 key.

Result: Code for initializing the ADC is complete, and the expected result is listed below:

void adc_init

ADCO.CTRLA = ADC_ENABLE bm

ADCO.CTRLB = ADC_PRESC_DIV4_gc

ADCO.CTRLC = ADC_REFSEL_VDD_gc | TIMEBASE_VALUE << ADC_TIMEBASE_gp
ADCO.CTRLE = 3

ADCO.CTRLF = ADC_SAMPNUM ACC1024_gc | ADC_FREERUN bm

ADCO .MUXPOS = ADC_MUXPOS_AIN5 gc
ADCO.COMMAND = ADC_MODE_BURST_gc
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2.4.1 Burst Mode Results

To do: Plot the result for Burst mode using the Data Visualizer.

1. Replace the corresponding line of code in main.c to get the average result from the accumulated samples:

adc_t.adc_average_result = adc_t.adc_result>>ADC_SAMPLES;

2. Flash the device and plot the results in the Data Visualizer. Figure 2-9 shows the results from Burst mode.

Result: Following the same procedure as explained for Single mode, the result for Burst mode is plotted
in the Data Visualizer:

Figure 2-9. Assignment 1: Burst Mode Plot
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The sample-signal in green is the same as for Single mode. It plots the single conversion held in the sample register.
The result-signal in purple will no longer be the same and will now be an average of the accumulated samples.

The plots are still almost identical except for instances with very sudden changes in input. The difference is more
noticeable when looking at a short time intervals, as shown in Figure 2-9.
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Assignment 2: ADC Accumulation Modes

In this assignment the ADC of the ATtiny1627 will be configured to sample the Force Click board using the Burst
and Series Conversion mode and conversions will be triggered by the RTC overflow event. The ATtiny1627 will go to
sleep between samples to reduce power consumption.

The sampled ADC data will be transmitted over USART to the Data Visualizer. The Data Visualizer will be configured
to graph single samples and the accumulated samples to visualize how the different configurations affect the noise
and aliasing of the signal.

The Microchip Studio Solution Assignment2 includes the required starting point for this assignment and should be
available in the training material folder at the following path: Assignment2.

* Objectives
— Configure and run the ADC using Burst Conversion mode and the RTC overflow event as conversion
trigger

— Configure and run the ADC using Series Conversion mode and the RTC overflow event as conversion
trigger

— Configure the ATtiny1627 to go to sleep between ADC measurements to save power

ADC Burst Mode With Event Trigger

To do:
» Editthe adc_init () so that the ADC is in Burst mode and starts conversion on the event trigger
» Studythe rtc_init () and event system init () soitis clear how they are configured

Info:

ﬂ The Event System (EVSYS) enables direct peripheral-to-peripheral signaling. It allows a change in one
peripheral (the event generator) to trigger actions in other peripherals (the event users) through event
channels, without using the CPU. The RTC can be used to generate an event every time the timer
overflows, and the ADC can be configured as a user that starts a conversion every time it receives an
event.

1. Change the adc_init () so that:

ADCO.COMMAND = ADC_MODE BURST gc | ADC_START EVENT TRIGGER gc

2. Studythe rtc_init () and event system init () in rtc.c and event_system.c, respectively. Make sure
you understand how they are configured.

of 1. The RTC period is calculated using the RTC clock frequency and the desired ADC result

ﬂ Info: The RTC is configured to run using the 32.768 kHz ULP internal oscillator and a prescaler
frequency ADC_RESULT FREQ of 64 Hz.

Info: The RTC overflow event is used as an event generator for event channel 0, and the ADC is
listening to channel 0.

3. Verify that the solution builds with no errors by selecting Build — Build Solution from the top menu bar in
Microchip Studio or pressing the F7 key.
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4. Flash the device by selecting Debug — Start without debugging for the top menu bar in Microchip Studio or
pressing the Ctrl+Alt+F5 keys.

5. Plot the single ADC sample vs. the ADC average result using the MPLAB Data Visualizer by loading
workspace Assignment2.json. Try changing the number of ADC samples by changing the ADC_ SAMPLES
macro in adc.h. to see what effect it has on the noise level of the signal.

Tip: You can visualize the ADC result frequency by looking at how fast LEDO is blinking.

Tip: To get a better view of the noise of the signals it is recommended to set the range and offset
for both axis to 16 and 10 and apply no force on the sensor.

Result: Measuring the analog signal from the Force click using the ADC in Burst mode and using the
RTC and event system to continuously trigger the ADC accumulation. The results should look similar to
Figure 3-1 when the force sensor is pressed with varying force. When investigating the noise, it should
look similar to Figure 3-2, where the force sensor is not pressed, and the range and offset is set to 16 and
10, respectively.

Figure 3-1. Assignment 2: Varying Force Applied To Force Sensor
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3.2 ADC Series Mode With Event Trigger

To do:
» Editthe adc_init (), sothe ADC uses Series Conversion mode and works while the device is in
Standby slet-;p mode
» Change the RTC period by editing rtc_init ()
« Edit the program so the ATtiny1627 can go to Standby sleep mode

1. Configure the ADC for Series Conversion mode to be used in Standby sleep mode.
1.1. Change the Conversion mode by changing the Command register:

ADCO.COMMAND = ADC_MODE_ SERIES_gc | ADC_START EVENT TRIGGER gc

1.2. Make the ADC trigger an ADC result ready interrupt to wake up the CPU from sleep every time an
ADC result is ready by adding the following line to the adc_init ():

/*Activate interrupt on Result ready to wake up from sleep*/
ADCO . INTCTRL = ADC_RESRDY bm

1.3. Change the following code to adc_init () to enable the ADC to run in Standby sleep mode:

ADCO.CTRLA = ADC_ENABLE bm | ADC_RUNSTDBY_ bm /*Enable the ADC and run in
standby sleep mode*/

1.4. Change the adc_result is ready () to the following, so it works with an interrupt based ADC:

bool adc result is_ready

if (adc_result_is_ ready flag
adc_result_is ready flag = 0
return true

return false

2. Changethe rtc_init () in rfc.c, so the RTC period is dependent on the ADC sampling frequency and not
the ADC result frequency by writing:

RTC.PER = (RTC_CLOCK/ (float) (ADC_SAMPLING_ FREQ))+0.5

Burst mode, where one event triggers all the samples needed for one result, which means that the

ﬂ Info: When the ADC is in Series mode, each event triggers one single sample as opposed to the
sampling frequency must be a lot higher than the result frequency.

Tip: To control the result frequency instead of the sampling frequency, define the sampling
frequency using the result frequency and the number of samples by writing:

#define ADC_SAMPL FREQ (uintl6é_t) (ADC_RESULT FREQ << ADC_SAMPLES)

3. Configure ATtiny1627 so it can go to standby sleep and still retain its previous functionality.

3.1. Study the s1pctrl init () in sleep_control.c to understand how the sleep controller is configured.
3.2 Add slpctrl init () to the initialization sequence in the main function.
3.3. Add sei () to the end of the initialization sequence in the main function to enable interrupts so the

device can wake up from Standby sleep mode.
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3.4. Add sleep cpu() to the while function so the device will go to sleep between each result:

while (1

sleep cpu
if (adc_result_is_ready

adc_t.adc_sample = adc get sample
adc_t.adc_result = adc_get result

adc_t.adc_average result = adc_t.adc_result>>ADC_SAMPLES
trasmit_to DV
PORTB.OUTTGL = LEDO_bm

3.5. Add the following code to the end of the transmit to DV () in data_streamer.c to make sure the
device does not go to sleep before the transmission is complete:

while (! (USARTO.STATUS & USART TXCIF bm /* Wait for all USART transmission to
be finished */
USARTO.STATUS |= USART TXCIF bm; /* Clear Tx complete flag */

mode, it uses 12 mW, so it can be seen that going to sleep between results can reduce the power
by up to 50%. The measurements were taken with a result frequency of 20 Hz, 512 accumulated
samples, without the blinking LED.

ﬂ Info: When the device does not go to sleep, it uses 24 mW, while when it goes to Standby sleep

4. \Verify that the solution builds with no errors by selecting Build — Build Solution from the top menu bar in
Microchip Studio or pressing the F7 key.

5. Flash the device by selecting Debug — Start without debugging for the top menu bar in Microchip Studio or
pressing the Ctrl+Alt+F5 keys.

6. Plot the single ADC sample vs. the ADC average result using the MPLAB Data Visualizer. Try different
sampling frequencies and change the force applied to the force sensor periodically.

Hz. The result frequency is dependent on the sampling frequency and the number of samples,

ﬂ Info: Due to the configured clock frequency of the RTC, the highest sampling frequency is 32768
meaning that the maximum result frequency for 1024 samples is 32 Hz.
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Result: Measuring the analog signal from the Force click using the ADC in Series mode and using the
RTC and event system to continuously trigger the ADC sample. The device is in Standby sleep mode
between each result. When the sampling frequency is low, the result should look similar to Figure 3-3, and
when it is high, it should look similar to Figure 3-4. See that, if the sampling frequency is too low, the result
becomes the average of the rapidly changing signal, and a lot of information is lost.

Figure 3-3. Assignment 2: 1 Hz Result Frequency

Figure 3-4. Assignment 2: 64 Hz Result Frequency
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4, Assignment 3: 17-Bit Resolution
In this assignment, the ADC of the ATtiny1627 will be configured to sample the DAC reference from the AC module
with a 17-bit resolution. The ADC will be in Burst mode, and a sample will be triggered by an RTC overflow event as
in assignment 2.
Typical use cases where high-resolution ADC is useful:
» Strain gauges (can be used to measure weight)
*  Thermocouples

The sampled ADC data will be transmitted over USART to the Data Visualizer. The Data Visualizer will be configured
to graph the 12-bit resolution against the 17-bit resolution measurement.

The Microchip Studio Solution Assignment3 includes the required starting point for this assignment and should be
available in the training material folder at the following path: Assignment3.

* Objectives
— Understand how oversampling can be used to increase the resolution of a measurement
— Increase the resolution of the ADC to 17-bits by oversampling

4.1 ADC 17-Bit Resolution

To do:
» Understand how to increase the resolution of the ADC measurement by oversampling
» Setup DAC reference voltage used by the AC as input to the ADC
» Configure the ADC to have 17-bit resolution using oversampling

achieve a 17-bit resolution, an additional 5-bit resolution is needed, which means that the signal needs
to be sampled 4° = 1024 times. The ADC can be configured to accumulate up to 1024 samples. The
accumulated result will be the sum of the 1024 samples. This result needs to be scaled down to achieve
the desired bit width by dividing by the scaling factor. The scaling factor is given by 2". To increase the
resolution by 5 bits, we either need to divide the result by 25 = 32 or right shift it by 5.

ﬂ Info: To increase the ADC resolution by n bits, the signal must be oversampled by 4" samples. To

1. Atthe beginning of adc_init, set up the DAC voltage reference to 2.048V by writing:

VREF.CTRLA = VREF_ACOREFSEL 2V048 gc; /* Voltage reference for AC */
ACO.DACREF = OxFF; /* DACREF is VREF */

Tip: The internal reference voltage generator (DACREF) can be used to create specific voltage
references. The voltage reference Vpacrer is configured through the Analog Comparator.

Info:
ﬂ The DAC voltage reference depends on the DACREF value and the reference voltage selected in
the Vrgr module Control Register A and is calculated as: Vpacrer = % X VREF

2. Configure the MUXPOS to have the DAC reference as an input source:
ADCO .MUXPOS = ADC_MUXPOS DAC_gc; /*DAC from ACO*/
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3. Configure the ADC so it can achieve 17-bit resolution by setting ADC_SAMPLES in adc.h to the right number
of samples using the ADC_SAMPNUM macros by writing:

#define ADC_SAMPLES ADC_SAMPNUM ACC1024_gc

4. Inthemain () function right shift the accumulated result to scale the result down to 17-bit by writing:

adc_t.adc_high res result = adc_t.adc_result>> (ADC_SAMPLES/2

5. Left-shift the averaged result, so it becomes on the same scale as the high-resolution result by writing:

adc_t.adc_average_result = adc_t.adc_average result<<(ADC_SAMPLES/2

Info: To see the impact of the difference in resolution between 12-bit and 17-bit, the two results are
scaled to the same range.

Result: The main should look like the following:

adc_t.adc_average_result
adc_t.adc_average result

adc_t.adc_result>>ADC_SAMPLES
adc_t.adc_average_result<<(ADC_SAMPLES/2

adc_t.adc_high res result = adc_t.adc_result>>(ADC_SAMPLES/2

It is important to take the average of the accumulated measurements before the 12-bit result is
scaled up.

6. Verify that the solution builds with no errors by selecting Build — Build Solution from the top menu bar in
Microchip Studio or pressing the F7 key.

7. Flash the device by selecting Debug — Start without debugging for the top menu bar in Microchip Studio or
pressing the Ctri+Alt+F5 keys.

8. Plot the 17-bit result and the 12-bit result in the Data visualizer by loading the workspace Assignment3.json.
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Result: The ADC is configured to measure the DAC reference voltage from the AC module using
oversampling to increase the resolution to 17-bit. Figure 4-1 shows the comparison between the 17-bit and
the 12-bit result. The 17-bit result is in green, while the 12-bit result is in red. Observe that the 17-bit signal
can take much smaller steps than the 12-bit signal.

Figure 4-1. Assignment 3: 17-Bit vs. 12-Bit
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5. Assignment 4: Read Temperature
In this assignment, temperature measurement with the ADC will be demonstrated. The ATtiny1627 has an on-chip
temperature sensor available. This sensor allows for basic temperature sensing, and no extra hardware is needed.

A temperature measurement can be done by initializing the ADC, selecting internal reference, selecting the
temperature sensor as input, and acquiring the data by running a 12-bit single-ended conversion.

The Microchip Studio Solution Assignment4 includes the required starting point for this assignment and should be
available in the training material folder at the following path: Assignment4.
* Objectives
— Configure the ADC for temperature measurement with the on-chip temperature sensor
— Find the results through debugging in Microchip Studio

5.1 Setup Tempsense

To do:
+ Editadc_init () to configure ADC in Single mode for temperature measurement
« Find the results by debugging the code and adding breakpoints at the temperature variables

1. Configure the reference voltage to the one recommended in the data sheet for the internal temperature
sensor:

ADCO.CTRLC = ADC_REFSEL 1024MV_gc | (TIMEBASE VALUE << ADC_TIMEBASE gp

variations, the temperature sensor output voltage varies between individual devices at the same
temperature. The compensation factors determined during the production test are stored in the
Signature Row. These compensations factors are generated for the internal 1.024V reference.

ﬂ Info: The measured voltage has an almost linear relationship with the temperature. Due to process

2. Configure the ADC to use the internal temperature sensor by writing to the MUXPOS register:

ADCO .MUXPOS = ADC_MUXPOS_TEMPSENSE_gc

3. Configure sample duration using the variable TEMPSENSE_SAMPDUR:

ADCO.CTRLE = TEMPSENSE SAMPDUR

sheet, Sample Duration should be greater than or equal to 32 us x fc x_apc, expressed in the code

ﬂ Info: The variable calculates the sample duration for the temperature sensor. As per the data
below:

#define TEMPSENSE SAMPDUR ((uint8_ t) ceil (F_CPU*0.000032/2))

The division by two is because fc x apc = ferk_cpuv/2.

4. Configure the ADC prescaler to produce the desired CLK_PER/2 ADC clock by writing the CTRLB register:

ADCO.CTRLB = ADC_PRESC_DIV2_gc
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Result: Code for initializing the ADC is complete, and the expected result is listed below:

void adc_init()
{
ADCO.CTRLA = ADC_ENABLE bm;
ADCO . CTRLB ADC_PRESC_DIV2_gc;
ADCO .CTRLC ADC_REFSEL_1024MV_gc | (TIMEBASE VALUE << ADC_TIMEBASE gp) ;

ADCO .CTRLE = TEMPSENSE SAMPDUR;
ADCO .MUXPOS = ADC_MUXPOS TEMPSENSE gc; /* ADC Internal Temperature Sensor */
ADCO.COMMAND = ADC_MODE_ SINGLE 12BIT gc; /* Single 12-bit mode */

5. Add calibration variables for the measurement. Place the variables before the while (1) loop:

int8_t sigrow_offset = SIGROW.TEMPSENSEL;
uint8_t sigrow_gain = SIGROW.TEMPSENSEO

Info:
ﬂ The content of the Signature Row fuses (SIGROW) is preprogrammed and cannot be altered.
SIGROW holds information such as device ID, serial number, and calibration values.

The Temperature Sensor Calibration registers contain correction factors for temperature
measurements from the on-chip sensor. SIGROW.TEMPSENSERQ is a correction factor for the gain/
slope (unsigned) and SIGROW.TEMPSENSE1 is a correction factor for the offset (signed).

6. Add the code below to the main while loop to measure temperature in Kelvin and Celcius:

adc_reading = ADCO.RESULT >> 2; /* 10-bit MSb of ADC result with 1.024V internal
reference */

uint32_t temp = adc_reading - sigrow_offset;

temp *= sigrow_gain; /* Result might overflow 16-bit variable (10-bit + 8-bit) */

temp += 0x80; /* Add 256/2 to get correct integer rounding on division below */

temp >>= 8; /* Divide result by 256 to get processed temperature in Kelvin */

temperature_in K = temp;

temperature_in degC = temperature in K - 273;

Info: The temperature measurement uses the following formula:
T= (ADC Result — Offset Correction ) X Gain Correction
B 256

7. Verify that the solution builds with no errors by selecting Build — Build Solution from the top menu bar in
Microchip Studio or pressing the F7 key.

8. Seta breakpoint onthe delay ms to be able to watch temperature in Kand temperature in K.
Figure 5-1 shows the breakpoint as red dots on the left pane of the window.

Tip: Breakpoints can be added by clicking on the left pane to the left of where the line of code is.

9. Flash the device by selecting Debug — Continue for the top menu bar in Microchip Studio or pressing the F5
key.

10. Select and right-click temperature in Kand temperature in degC, and choose Add watch.

11. Go through the code by pressing the F5 key and watch as the values of the variables change.
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Result: Code for initializing the ADC is complete and the expected result is shown in Figure 5-1:
Figure 5-1. Assignment 4: Temperature Sensor Debugging
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adc_init();

int8 t sigrow_offset = SIGROW.TEMPSENSE1l; /* Read signed offset from signature row */
uint8_t sigrow_gain = SIGROW.TEMPSENSE®; /* Read unsigned gain/slope from signature row */

while(1)

{

ADCO.COMMAND |= ADC_START_IMMEDIATE_gc; /* Start ADC conversion */
while(!(ADCO.INTFLAGS & ADC_RESRDY_bm));  /* Wait until conversion is done */

/* Calibration compensation as explained in the data sheet */
adc_reading = ADCO.RESULT >> 2; /* 10-bit MSb of ADC result with 1.024V internal reference */
uint32_t temp = adc_reading - sigrow_offset;

temp *= sigrow_gain; /* Result might overflow 16-bit variable (10-bit + 8-bit) */
temp += 0x80; /* Add 256/2 to get correct integer rounding on division below */
temp >>= 8; /* Divide result by 256 to get processed temperature in Kelvin */
temperature_in_K = temp;

temperature_in_degC = temperature_in_K - 273;

U _delay_ms(500);]

gg |}

}

Tip: To toggle the displayed value between decimal and hexadecimal, right-click a variable and
press Hexadecimal Display.
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Assignment 5: Differential ADC

In this assignment, the Differential mode of the ADC will be demonstrated. In Single-Ended mode, the ADC reads the
voltage of a single selectable input source, while in Differential mode, the ADC reads the voltage difference between
two input sources.

For this assignment, the Force Click board will be used as one input source, while the other input will be the internal
voltage reference ACO DACREF.

The Microchip Studio Solution Assignment5 includes the required starting point for this assignment and should be
available in the training material folder at the following path: Assignment5.
* Objectives

— Configure the ADC for Differential mode using the Force Click board as MUXPOS and DACREFO as
MUXNEG

— Use the Data Visualizer to graph received ADC results

ADC Differential Mode Setup

To do:
+ Editadc_init () to configure ADC in Differential mode, with the Force Click board as MUXPOS and
DACREFO0 as MUXNEG

« Transmit the data to the Data Visualizer

1. Set up the DAC voltage reference to about half of the Force Click board max voltage or VDD/2:

VREF .CTRLA
ACO .DACREF

VREF_ACOREFSEL 2V048 gc; /* Voltage reference for AC */
OxCE; /* Will generate V_DACREF = 1.65V */

2. Set up the ADC voltage reference:

ADCO.CTRLC = ADC_REFSEL 2048MV_gc | ((uint8_t)TIMEBASE VALUE << ADC_TIMEBASEO bp) ;/*ADC
voltage reference*/

Info:

ﬂ The ADC voltage reference sets the upper limit for the ADC input range. Any values above this
range will be interpreted as Vrgg. In Differential mode, the upper limit is for the difference between
two inputs and not the individual inputs. Therefore, Vyyxpos — Vmuxnec < Vrgr Will be interpreted

Correctly, even if VMUXPOS > VREF'

3. Configure the MUXPOS register to have the Force Click board as an input source:
ADCO .MUXPOS = ADC_MUXPOS_AIN5_ gc

4. Configure the MUXNEG to have the DAC reference as an input source:
ADCO .MUXNEG = ADC_MUXNEG_DAC_gc

Info:
ﬂ The input signal from MUXPOS will now be measured in relation to MUXNEG. In Single-Ended
mode, MUXPOS is measured in relation to ground.
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5. Configure the ADC in Differential mode, with the 12-bit Single Operational mode:
ADCO.COMMAND |= ADC_DIFF bm | ADC_MODE_SINGLE 12BIT gc

6. Add the following code in main. c to calculate the voltage difference between MUXPOS and MUXNEG. The
calculation is done in the while (1) loop:

/* Formula shows how much MUXPOS and MUXNEG differ from each other in Volt */
adc_t.adc_differential volt = (float) ((adc_t.adc_sample * 2.048) / ADC_MAX VALUE

Info:

ﬂ For Differential mode, the data format is two’s complement with sign extension. The data type of the
sample variable should be int16_t when using Differential mode. The data type of the result variable
should be int32_t when using Differential mode. Float is used here to calculate signed decimal
numbers.

7. Verify that the solution builds with no errors by selecting Build — Build Solution from the top menu bar in
Microchip Studio or pressing the F7 key.

8. Flash the device by selecting Debug — Start without debugging for the top menu bar in Microchip Studio or
pressing the Ctri+Alt+F5 keys.

9. Verify hardware connections. Make sure the Force Click board is connected to socket 3 on the Curiosity Nano
Adapter.

10. Plot the single ADC sample and voltage difference using the Data Visualizer by loading the workspace
Assignment5.json. Try changing the DAC voltage reference and study its effect on the plotted range.

Tip: To change Vpacrer, either change the DACREF number or the voltage reference for AC. This
is described in step 1 of Assignment 3.

Info:

ﬂ Since MUXNEG now is connected to the voltage reference 1.65V, as seen in Figure 6-1 rather than GND,
the new zero for the MUXPOS input is 1.65V. For the Force Click board with a range of [0,3.3V], the ADC
output will be from [-1.65,1.65V]. See Figure 6-1.
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Result: The ADC is running in Differential mode, using the 12-bit Single Operational mode. The
difference between MUXPOS and MUXNEG is measured and plotted in the Data Visualizer. The results
should look similar to Figure 6-1 when the button is pressed with varying force. The figures show
measurement using different constant voltages for MUXNEG. Figure 6-1 uses Vpacrer = 1.65V. In Figure
6-2, MUXNEG has the input source Vpacrer = 1.024V.

Figure 6-1. Assignment 5: Differential Mode With Vpacrer = 1.65V
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Info:

By setting the Vpacrer to 1.024V, the measurements are shifted upwards in the measured
range. The resulting range is from about [-1.024V, 2.048V]. This range is too small for the Force
Click board since the highest difference is 2.276V with the range [0,3.3V]. All the values above
2.048V will therefore be interpreted as 2.048V by the ADC. The clipping that occurs is visible in
Figure 6-2, where the top value never exceeds 2.048V.

A convenient property of the differential measurement is that since the signal is measured in relation to
DACREF instead of ground, it is possible to adjust DACREF to be in the middle of the expected input for
MUXPOS. The necessary range can therefore be tailored to a specific signal if the bounds are known. This
can allow for higher gain and lowering the voltage reference used by the ADC.
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Assignment 6: Using Programmable Gain Amplifier (PGA)

In this assignment, the ADC of the ATtiny1627 will be configured to use the programmable gain amplifier (PGA) to
amplify the signal from the board. The signal from the Force Click is divided down using two resistors to create a
voltage divider. The ADC will be in Burst mode, and a sample will be triggered by an RTC overflow event as in
assignment 2.

The sampled ADC data will be transmitted over USART to the Data Visualizer. The Data Visualizer will first be used
to plot the original signal and then plot the amplified signal.

The Microchip Studio Solution Assignment6 includes the required starting point for this assignment and should be
available in the training material folder at the following path: Assignmenté.
* Objectives
— Setup of the voltage divider
— Configure the ADC to use the PGA to amplify the signal

Hardware Setup

To do:
» Setup of the voltage divider

connecting AN2 to GND through the 33 kQ resistor. The new measuring point will then be AN2. If you look
at the Curiosity Nano baseboard, you will see that AN2 is connected to PA6, which means that input to the
ADC should be AING.

n Info: The voltage divider is created by connecting AN3 and AN2 through the 100 kQ resistor and
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Figure 7-1. Assignment 6: Hardware Setup
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1. Connect a 100 kQ resistor to pin 3 and 4 of the Xplained Pro extension as shown in Figure 7-1. Figure 7-2
shows the extension pinout.

2. Connect the 33 kQ resistor to AN2 and GND in the mikroBUS 2 header as shown in Figure 7-1.

ﬂ Info: The voltage divider will divide the voltage by 4, which can be seen as 33 kQ/(33 kQ + 100
kQ) = 0.25.
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Figure 7-2. Assignment 6: Xplained Pro Extension Header
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7.2 PGA Configuration

To do:
* Plot a graph of measurements without using the PGA
» Configure the ADC to use the PGA to amplify the signal
* Plot a graph of measurements with the amplified signal

1. Verify that the solution builds with no errors by selecting Build — Build Solution from the top menu bar in
Microchip Studio or pressing the F7 key.

2. Flash the device by selecting Debug — Start without debugging for the top menu bar in Microchip Studio or
pressing the Ctri+Alt+F5 keys.

in assignment 2.

ﬂ Info: Configure the project to do periodic burst measurements using the RTC and event system as

3. Load the workspace Assignment6.json in the MPLAB Data Visualizer.
4. Press the force sensor as hard as possible and observe the graph in the MPLAB Data Visualizer.
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Result: The plot should look similar to Figure 7-3, where the top value is around 1k. The value is
expected to be around 1k, as the voltage divider divides the voltage by 4, and V¢ is represented in
the ADC by 4095.

Figure 7-3. Assignment 6: No Amplification

ER)

5. Configure the PGA to amplify the signal by 4x, have a bias current of 50%, a sampling duration of 15 clock
cycles, and enable the PGA by writing the following in adc.c:

ADCO.PGACTRL = ADC_GAIN 4X gc | ADC_PGABIASSEL 1 2X gc | ADC_ADCPGASAMPDUR 15CLK_gc |
ADC_PGAEN_bm

needs depends on the ADC clock frequency. See the PGA Control (PGACTRL) register description

ﬂ Info: The PGABIASSEL determines how much current the PGA uses. How much current the PGA
in the device data sheet for info about how much current the PGA needs.

Info: When using the PGA, the SAMPDUR determines the input sample duration, while
ADCPGASAMPDUR determines for how long the ADC samples the PGA.

6. Connect the input via the PGA by writing:

ADCO .MUXPOS = ADC_MUXPOS_AIN6_gc | ADC_VIA PGA gc; /*ADC channel AIN6->PA6, input
connected to the ADC via PGA*/

one of the two registers is updated in both. Therefore, it is impossible to have one input using the

ﬂ Info: The VIA bits in MUXPOS and MUXNEG are shared, so a value written to the VIA bit field in
PGA and the other not using the PGA.

7. Verify that the solution builds with no errors by selecting Build — Build Solution from the top menu bar in
Microchip Studio or pressing the F7 key.

8. Flash the device by selecting Debug — Start without debugging for the top menu bar in Microchip Studio or
pressing the Cirl+Alt+F5 keys.

9. Press the force sensor and observe the plot in the MPLAB Data Visualizer.
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Result: The result should look similar to Figure 7-4, where the top value is about 4k.
Figure 7-4. Assignment 6: Amplified Signal
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The Microchip Website

Microchip provides online support via our website at www.microchip.com/. This website is used to make files and
information easily available to customers. Some of the content available includes:

* Product Support — Data sheets and errata, application notes and sample programs, design resources, user’s
guides and hardware support documents, latest software releases and archived software

* General Technical Support — Frequently Asked Questions (FAQs), technical support requests, online
discussion groups, Microchip design partner program member listing

* Business of Microchip — Product selector and ordering guides, latest Microchip press releases, listing of
seminars and events, listings of Microchip sales offices, distributors and factory representatives

Product Change Notification Service

Microchip’s product change notification service helps keep customers current on Microchip products. Subscribers will
receive email notification whenever there are changes, updates, revisions or errata related to a specified product
family or development tool of interest.

To register, go to www.microchip.com/pcn and follow the registration instructions.

Customer Support

Users of Microchip products can receive assistance through several channels:

» Distributor or Representative

* Local Sales Office

» Embedded Solutions Engineer (ESE)
» Technical Support

Customers should contact their distributor, representative or ESE for support. Local sales offices are also available to
help customers. A listing of sales offices and locations is included in this document.

Technical support is available through the website at: www.microchip.com/support

Microchip Devices Code Protection Feature

Note the following details of the code protection feature on Microchip devices:

» Microchip products meet the specifications contained in their particular Microchip Data Sheet.

» Microchip believes that its family of products is secure when used in the intended manner and under normal
conditions.

* There are dishonest and possibly illegal methods being used in attempts to breach the code protection features
of the Microchip devices. We believe that these methods require using the Microchip products in a manner
outside the operating specifications contained in Microchip’s Data Sheets. Attempts to breach these code
protection features, most likely, cannot be accomplished without violating Microchip’s intellectual property rights.

» Microchip is willing to work with any customer who is concerned about the integrity of its code.

» Neither Microchip nor any other semiconductor manufacturer can guarantee the security of its code. Code
protection does not mean that we are guaranteeing the product is “unbreakable.” Code protection is constantly
evolving. We at Microchip are committed to continuously improving the code protection features of our products.
Attempts to break Microchip’s code protection feature may be a violation of the Digital Millennium Copyright Act.
If such acts allow unauthorized access to your software or other copyrighted work, you may have a right to sue
for relief under that Act.
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Legal Notice

Information contained in this publication is provided for the sole purpose of designing with and using Microchip
products. Information regarding device applications and the like is provided only for your convenience and may be
superseded by updates. It is your responsibility to ensure that your application meets with your specifications.

THIS INFORMATION IS PROVIDED BY MICROCHIP “AS IS”. MICROCHIP MAKES NO REPRESENTATIONS
OR WARRANTIES OF ANY KIND WHETHER EXPRESS OR IMPLIED, WRITTEN OR ORAL, STATUTORY

OR OTHERWISE, RELATED TO THE INFORMATION INCLUDING BUT NOT LIMITED TO ANY IMPLIED
WARRANTIES OF NON-INFRINGEMENT, MERCHANTABILITY, AND FITNESS FOR A PARTICULAR PURPOSE
OR WARRANTIES RELATED TO ITS CONDITION, QUALITY, OR PERFORMANCE.

IN NO EVENT WILL MICROCHIP BE LIABLE FOR ANY INDIRECT, SPECIAL, PUNITIVE, INCIDENTAL OR
CONSEQUENTIAL LOSS, DAMAGE, COST OR EXPENSE OF ANY KIND WHATSOEVER RELATED TO THE
INFORMATION OR ITS USE, HOWEVER CAUSED, EVEN IF MICROCHIP HAS BEEN ADVISED OF THE
POSSIBILITY OR THE DAMAGES ARE FORESEEABLE. TO THE FULLEST EXTENT ALLOWED BY LAW,
MICROCHIP'S TOTAL LIABILITY ON ALL CLAIMS IN ANY WAY RELATED TO THE INFORMATION OR ITS USE
WILL NOT EXCEED THE AMOUNT OF FEES, IF ANY, THAT YOU HAVE PAID DIRECTLY TO MICROCHIP FOR
THE INFORMATION. Use of Microchip devices in life support and/or safety applications is entirely at the buyer’s risk,
and the buyer agrees to defend, indemnify and hold harmless Microchip from any and all damages, claims, suits, or
expenses resulting from such use. No licenses are conveyed, implicitly or otherwise, under any Microchip intellectual
property rights unless otherwise stated.

Trademarks

The Microchip name and logo, the Microchip logo, Adaptec, AnyRate, AVR, AVR logo, AVR Freaks, BesTime,
BitCloud, chipKIT, chipKIT logo, CryptoMemory, CryptoRF, dsPIC, FlashFlex, flexPWR, HELDO, IGLOO, JukeBlox,
KeeLoq, Kleer, LANCheck, LinkMD, maXStylus, maXTouch, MediaLB, megaAVR, Microsemi, Microsemi logo,
MOST, MOST logo, MPLAB, OptoLyzer, PackeTime, PIC, picoPower, PICSTART, PIC32 logo, PolarFire, Prochip
Designer, QTouch, SAM-BA, SenGenuity, SpyNIC, SST, SST Logo, SuperFlash, Symmetricom, SyncServer,
Tachyon, TimeSource, tinyAVR, UNI/O, Vectron, and XMEGA are registered trademarks of Microchip Technology
Incorporated in the U.S.A. and other countries.

AgileSwitch, APT, ClockWorks, The Embedded Control Solutions Company, EtherSynch, FlashTec, Hyper Speed
Control, HyperLight Load, IntelliMOS, Libero, motorBench, mTouch, Powermite 3, Precision Edge, ProASIC,
ProASIC Plus, ProASIC Plus logo, Quiet-Wire, SmartFusion, SyncWorld, Temux, TimeCesium, TimeHub, TimePictra,
TimeProvider, WinPath, and ZL are registered trademarks of Microchip Technology Incorporated in the U.S.A.

Adjacent Key Suppression, AKS, Analog-for-the-Digital Age, Any Capacitor, Anyln, AnyOut, Augmented Switching,
BlueSky, BodyCom, CodeGuard, CryptoAuthentication, CryptoAutomotive, CryptoCompanion, CryptoController,
dsPICDEM, dsPICDEM.net, Dynamic Average Matching, DAM, ECAN, Espresso T1S, EtherGREEN, IdealBridge,
In-Circuit Serial Programming, ICSP, INICnet, Intelligent Paralleling, Inter-Chip Connectivity, JitterBlocker, maxCrypto,
maxView, memBrain, Mindi, MiWi, MPASM, MPF, MPLAB Certified logo, MPLIB, MPLINK, MultiTRAK, NetDetach,
Omniscient Code Generation, PICDEM, PICDEM.net, PICkit, PICtail, PowerSmart, PureSilicon, QMatrix, REAL ICE,
Ripple Blocker, RTAX, RTG4, SAM-ICE, Serial Quad I/O, simpleMAP, SimpliPHY, SmartBuffer, SMART-I.S., storClad,
SQl, SuperSwitcher, SuperSwitcher Il, Switchtec, SynchroPHY, Total Endurance, TSHARC, USBCheck, VariSense,
VectorBlox, VeriPHY, ViewSpan, WiperLock, XpressConnect, and ZENA are trademarks of Microchip Technology
Incorporated in the U.S.A. and other countries.

SQTP is a service mark of Microchip Technology Incorporated in the U.S.A.

The Adaptec logo, Frequency on Demand, Silicon Storage Technology, and Symmcom are registered trademarks of
Microchip Technology Inc. in other countries.

GestIC is a registered trademark of Microchip Technology Germany Il GmbH & Co. KG, a subsidiary of Microchip
Technology Inc., in other countries.

All other trademarks mentioned herein are property of their respective companies.
© 2021, Microchip Technology Incorporated, Printed in the U.S.A., All Rights Reserved.
ISBN: 978-1-5224-7571-2
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Quality Management System

For information regarding Microchip’s Quality Management Systems, please visit www.microchip.com/quality.
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